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Abstract 

LINE-1 transposable elements (L1s) are ubiquitous in mammals and are thought to have 

remained active since before the mammalian radiation.  Only one L1 extinction event, in South 

American rodents in the genus Oryzomys, has been convincingly demonstrated.  Here we 

examine the phylogenetic limits and evolutionary tempo of that extinction event by 

characterizing L1s in related rodents.  Fourteen genera from five tribes within the Sigmodontinae 

family were examined.  Only the Sigmodontini, the most basal tribe in this group, demonstrate 

recent L1 activity.  The Oryzomyini, Akodontini, Phyllotini, and Thomasomyini contain only 

L1s that appear to have inserted long ago:  their L1s lack open reading frames, have mutations at 

conserved amino acid residues, and show numerous private mutations.  They also lack restriction 

site-defined L1 subfamilies specific to any species, genus or tribe examined, and fail to form 

monophyletic species, genus or tribal L1 clusters.  We determine here that this L1 extinction 

event occurred roughly 8.8 million years ago, near the divergence of Sigmodon from the 

remaining Sigmodontinae species.  These species appear to be ideal model organisms for 

studying the impact of L1 inactivity on mammalian genomes. 
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Introduction 

 The long interspersed element LINE-1 (L1) makes up a large component of the genome 

in all mammalian species examined to date, with tens of thousands of copies present per genome 

(Furano, 2000).  Sequence analysis of mammalian genomes shows that they make up 17 % or 

more of the human and mouse genomes (Lander et al., 2001; Waterston et al., 2002).  

Hybridization of an L1 probe to genomic Southern blots from representatives of several orders of 

mammals revealed a widespread distribution of these elements and lead to the suggestion that 

L1s predate the mammalian radiation (Burton et al., 1986).  L1s have been characterized at the 

sequence level in numerous rodents (Martin et al., 1985; Hardies et al., 2000; Casavant and 

Hardies, 1994b; Martin, 1995; Naas et al., 1998; D'Ambrosio et al., 1986; Casavant et al., 1996; 

Casavant et al., 1998; Kass et al., 1992; Vanlerberghe et al., 1993; Kholodilov et al., 1993; 

Mayorov et al., 1999), in several primates, especially humans (Fanning and Singer, 1987b; 

Kazazian et al., 1988; Skowronski et al., 1988; Salem et al., 2003), in two carnivores (Choi et 

al., 1999; Fanning and Singer, 1987a), rabbits (Fanning and Singer, 1987a), cattle (Plucienniczak 

and Plucienniczak, 1999) and a marsupial (Dorner and Paabo, 1995).  

 Full length L1s range from 6.0 to 7.5 kb.  (Loeb et al., 1986).  They have 5' and 3' 

untranslated regions that bound two open reading frames (ORFs), and a poly A tract of varying 

length following the 3’ untranslated region.  The first open reading frame (ORF 1) encodes a 

nucleic acid binding protein (Kolosha and Martin, 1997; Hohjoh and Singer, 1996).  The second 

open reading frame (ORF 2) not only encodes reverse transcriptase (RT) but also has a region 

near the 5' end of the gene that functions as an endonuclease (Feng et al., 1996). L1 elements 

proliferate via autonomous duplicative retrotransposition.  Transcription of a full length, 

replication competent element is followed by translation of the two ORFs, which appear to 
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normally function in cis (Kimberland et al., 1999), reverse transcription, and insertion of a 

cDNA copy into a new location in the genome.  Most newly inserted elements are ‘dead on 

arrival’ due to 5’ truncation or deleterious mutations, but new active templates are occasionally 

generated by retrotransposition.  Over time, active elements (masters) are rendered inactive by 

the accumulation of mutations and are replaced by their active progeny.  One would assume that 

duplicative retrotransposition would lead to an accumulation and divergence of active templates, 

but in those species for which detailed analysis has been carried out, L1 elements appear to 

belong to one or a few closely related long-term lineages (Cabot et al., 1997; Casavant and 

Hardies, 1994a; Casavant et al., 1996; Naas et al., 1998; Martin et al., 1985; Mayorov et al., 

1999; Hardies et al., 2000; Furano, 2000).  The presence of one or a few lineages as opposed to 

many divergent lineages could be explained if, at any point in evolutionary time, active elements 

are present in low copy number per genome.  This does not appear to be the case.  It has been 

suggested that there are as many as 100 potentially active elements in the average diploid 

genome of humans (Sassaman et al., 1997; Brouha et al., 2003), and up to 3,000 in mice 

(DeBerardinis et al., 1998).  A small number of active lineages might also be explained by an 

arms race between the host, which attempts to suppress transposition, and the elements, which 

attempt to escape host suppression, but aspects of L1 biology that regulate the number and 

divergence of active copies remain poorly understood. 

The widespread occurrence of L1s in mammals has been interpreted to suggest that L1s 

are maintained by selection because they serve some function for the host.  It has been 

hypothesized that L1s may function in DNA break repair (Hutchison III et al., 1989; Teng et al., 

1996), and more recently, that they may be involved in X chromosome inactivation (Lyon, 2000; 

Bailey et al., 2000).  While a precise function of L1s in the genome remains unclear, their impact 
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on the genome is significant.  In humans, L1s constitute about 13% of the genomic mass of 

autosomes and 26% of X chromosomes (Bailey et al., 2000).  In Rattus, it is estimated that the 

genome has increased by 20% over the last 10 million years due to an increase in L1 insertion 

(Pascale et al., 1990).  The replication and random placement of so many L1 copies throughout 

the genome provides numerous potential sites for both equal and unequal recombination events 

(Schwartz et al., 1998; Furano, 2000).  L1s may also provide the reverse transcriptase necessary 

for short interspersed nuclear element (SINE) activity and the generation of other pseudogenes 

(Dewannieux et al., 2003; Esnault et al., 2000; Jurka, 1997; Rinehart et al., submitted).  De novo 

L1 insertions are also a direct source of genetic mutation.  Cases of hemophilia were determined 

to be the result of L1 insertion events in the human factor VIII gene (Kazazian et al., 1988; Van 

de Water et al., 1998), and a novel L1 insertion has been implicated in one case of breast cancer 

(Morse et al., 1988).  Given the impact of L1s on the genome, the identification of species 

without active L1s could be extremely useful for elucidating L1 function and effect. 

 Previous L1 analyses have identified three groups of mammals that appeared to have 

quiescent or inactive L1s – the deer mouse (Peromyscus), (Kass et al., 1992), voles (Microtus 

and Arvicola) (Vanlerberghe et al., 1993), and rice rats and marsh rats (Oryzomys and 

Holochilus) (Casavant et al., 2000).  However, subsequent research revealed relatively young 

L1s in deer mice (Casavant et al., 1996; Casavant et al., 1998) and voles  (Kholodilov et al., 

1993; Mayorov et al., 1999; Modi, 1996).  Only Oryzomys and Holochilus remain as viable 

candidates for sustained L1 quiescence.   

We initiated a large-scale phylogenetic analysis to determine whether the Oryzomys / 

Holochilus case represents quiescence or an actual extinction of L1s.  The goal of this study was 

to determine both the phylogenetic distribution and tempo of this event.  A study such as this 
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requires consideration of the host phylogeny.  Both Oryzomys and Holochilus are rodents in the 

family Muridae, subfamily Sigmodontinae, which includes over 300 species encompassing one 

of the greatest recent radiations in mammals (Smith and Patton, 1999; Engel et al., 1998).  

Genera within the Sigmodontinae can be consistently grouped into tribes, but many of the 

relationships among the tribes within this subfamily remain unclear (Smith and Patton, 1999).  

This is probably a result of the divergence of these tribes over a short evolutionary time period 

during the South American radiation.  Using the published work of others (Smith and Patton, 

1999; Steppan, 1995; Engel et al., 1998; Dickerman and Yates, 1995; Minin et al., 2003; 

Steppan, 1996), we constructed a composite tree that approximates the relationships of the 

genera used in our analysis (Figure 1).  We characterized L1 sequences from eighteen South 

American Sigmodontine species representing five of seven tribes; we were unable to obtain 

samples for the other two tribes.  Because the original observation was in the Oryzomyini, this 

tribe was heavily sampled with nine species representing seven genera (Oryzomys, 

Oligoryzomys, Holochilus, Nectomys, Oecomys, Neacomys, and Microryzomys) and including a 

more extensive analysis of the two previously characterized species (Casavant et al., 2000).  The 

remaining four tribes are each represented by at least two species.  Two species were sampled 

from Sigmodon, the sole genus in the Sigmodontini tribe, which is considered basal to the 

remaining tribes.  An additional seven species of related rodents outside the South American 

Sigmodontines were also evaluated.  

Here we demonstrate that L1s are inactive not only in the Oryzomyini tribe, but also in 

all other tribes evaluated in the subfamily Sigmodontinae with the exception of the 

Sigmodontini.  This was accomplished by phylogenetic analysis of L1 sequences, along with 

evaluation of L1 reading frames, pairwise genetic distances, insertions, deletions, and conserved 
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amino acid changes in the youngest elements from the species under analysis.  We demarcate the 

L1 extinction event uniting the subset of Sigmodontinae rodents by Southern blot analysis and 

estimate a time point for the actual extinction event by sequence comparison.   

 

Materials and methods 

Specimens and DNA isolation  Specimens for this study were obtained both as tissues and 

as purified DNA. Species with their sample designators are shown in Table 1.  LBJ and AK 

sample designators originate from the Texas Cooperative Wildlife Collection at Texas A&M, TK 

from The Museum at Texas Tech, and NK from New Mexico.  Tissues from Sigmodon hispidus 

were provided by the Savannah River Ecology Laboratory, and from Phodopus sungorus by 

Wesleyan University. Rattus norvegicus DNA was obtained from the Sprague-Dawley 

laboratory strain.  When tissues were provided, DNA was extracted using the method of 

Longmire (Longmire et al., 1988).   

Genomic Southern blot analysis  Genomic Southern blot analysis was carried out for all 

species for which sufficient DNA was available.  High molecular weight genomic DNA from 19 

species was digested with Rsa I.  1.4 µg of digested DNA was loaded on a 1.3% agarose gel, 

electrophoresed and transferred to a nylon membrane.  A DNA probe from a M. arvalis L1 

element corresponding to bases 4969 to 5583 of Mus L1 (GenBank M13002) was random prime 

labeled with 32P.  Hybridization was carried out under conditions of low stringency as previously 

described (Casavant et al., 1996).  

PCR and sequencing  Degenerate PCR and a screening technique designed to enrich for 

L1 fragments with an intact reading frame (Cantrell et al., 2000) were used to isolate a portion of 

ORF 2 for a number of L1 elements from each species.  With this technique, degenerate primers 

7 



 

containing restriction sites were designed to conserved regions within ORF 2 of mammalian L1s.  

Following restriction digestion, the amplified product is ligated in-frame into a lacZ reporter 

vector.  Clones containing intact L1 open reading frames primarily generate blue colonies while 

L1s with stop codons primarily generate white colonies.  This technique has proven successful in 

selection for young elements in such taxonomically diverse groups as marsupials, rodents, bats, 

equids, and primates.  LIs were sequenced from 23 species of Sigmodontinae, representing a 

broad taxonomic survey of that subfamily, as well as representatives of the Arvicolinae, 

Cricetinae, Tylominae, and Neotominae (see Figure 1).    Double strand sequence was obtained 

using an ABI 377 automated sequencer (Perkin).   

Initially, elements from at least six blue colonies were sequenced for each species.  If 

open reading frames were identified, L1s were considered to be active in that species.  No further 

sequencing was performed on L1s from two such species:  N. sumichrasti and S. teguina.  In all 

other cases, a minimum of 10 L1s from blue colonies and 10 from white colonies were 

sequenced.  When identical clones were found, only one was included in the final dataset.  

Species from which multiple L1s with intact reading frames were isolated are referred to as 

belonging to the L1-active group; species from which no L1s were found to have intact reading 

frames are referred to as members of the L1-inactive group.  L1s from previously characterized 

species were also included in the analysis (M. arvalis and P. maniculatis) and are members of the 

L1-active group.     

 Alignments and analysis  Sequences were aligned in MegAlign (DNASTAR), and 

alignments were modified by hand.  Phylogenetic analyses were performed using PAUP* 

(Swofford, 1998).   Gaps were coded as missing data.   
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 Independent phylogenetic analyses were initially carried out on each species to select a 

subset of elements to be included in the final dataset.  For these analyses, two L1 sequences from 

S. hispidus, P. maniculatus and M. musculus with intact reading frames over the region of 

analysis were included to aid in alignment and to serve as outgroups.  For species from the L1-

active group, four recently inserted elements with intact ORFs were selected.  For species from 

the L1-inactive group, all elements were selected that appeared to have inserted into the genome 

after the divergence of the common ancestor leading to the Sigmodontini tribe.  This was done 

by constructing neighbor-joining trees and identifying elements which were monophyletic with 

respect to S. hispidus.  These sequences were then used for further analyses.  L1 trees for each 

species in the L1-inactive group were also examined to assure that no divergent L1 lineage had 

been recently active in the ancestor of the L1-inactive group.  No evidence for divergent L1 

lineages was observed.    

 To determine how many mutations affected conserved amino acids or gave rise to stop 

codons, all selected elements from species in the L1-inactive group were returned to the correct 

reading frame by the removal of insertions and filling of gaps with Ns.  To detect possible 

recombinants, the dataset was partitioned into three separate data blocks of about 190 bp each.  

Optimal maximum likelihood parameters were determined and distance trees were generated for 

each data block.  Elements that radically changed relative position on the three output trees were 

further evaluated to determine if they were recombinants.  Recombinants could arise either in the 

genome or during PCR.  Elements demonstrating high levels of divergence in one block, but 

nearly identical sequences in another block were judged to be recombinants.  Putative 

recombinants were eliminated from the analysis.   
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The tree topology for the dataset was generated using the neighbor-joining algorithm with 

maximum likelihood corrected distances.  The GTR+ γ model was selected for correction with 

Modeltest version 3.06 (Posada and Crandall, 1998), and parameter values were estimated on a 

neighbor-joining tree generated with logdet distances.  One hundred neighbor-joining bootstrap 

replicates were performed.  All analysis was done with PAUP* 4.0b10 (Swofford, 1998).  Within 

the L1-inactive group, clades with bootstrap values above 70 were examined for evidence of L1 

transposition after the divergence of the common ancestor leading to the Sigmodontini tribe.  Six 

such clades were identified.  Four O. albigularis elements where identified that shared a 3 bp 

insertion, 2 stop codons, and 6 changes at conserved amino acid sites.  Because four elements 

from a single animal had this mutational profile, they cannot all represent alleles from a single 

locus. Therefore, we hypothesize that duplication of these elements must have occurred via a 

mechanism other than typical L1 replication (e.g. unequal crossing over or gene conversion).  

We retained Oalb56w and removed Oalb59w, Oalb55w and Oalb17b from subsequent analyses.  

Four additional clades contained sequences that we judged to be orthologous loci on the basis of 

shared deletions, stop codons and changes in conserved amino acids.  Sequences from nine 

different species were represented among the five putative orthologs.  In each clade, one 

sequence was arbitrarily selected for retention in the final dataset and the others were excluded.  

Ccal12b was retained and Cten11b excluded.  Hbra14b was retained and Nspi06b and Oalb18b 

excluded.  Mmin05b was retained and Oalb16b excluded.  Nspi63w was retained and Obic07b 

and Onit63w excluded.  Mmin07b was retained and Ofor15b was excluded.  Tree topology for 

the final dataset was generated as described above. 

Construction of consensus sequences  Because there is a lack of phylogenetic signal 

among the L1 sequences from species in the L1-inactive group, we estimated the most recent 
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active L1 ancestor by constructing consensus sequences for each species.  In addition, a group 

consensus was constructed for the same sequences from the entire L1-inactive group.  These 

consensus sequences were corrected at three CpG dinucleotides that showed very high rates of 

mutation.   

 

Results 

 Initial classification of L1s within each species was based on the presence or absence of 

clones with intact reading frames over the 575 bp region characterized for this study.  Species 

from which multiple L1s with intact reading frames were isolated are referred to as belonging to 

the L1-active group; species from which no L1s were found to have intact reading frames are 

referred to as members of the L1-inactive group (Table 1).  Detailed analysis was carried out to 

confirm that this measure gives an accurate assessment of L1 activity or extinction and to 

determine the timing and tempo of the putative L1 extinction event.   

Southern blot analysis supports lack of recent activity in species from the L1-inactive 

group.  To determine the phylogenetic limits of the L1 inactivity in South American 

sigmodontine rodents (Casavant et al., 2000), genomic Southern blot analysis was carried out on 

19 rodent species (Figure 2).  In this type of analysis, a robust band indicates a high copy-

number L1 subfamily (i.e., L1 restriction site-defined subfamily).  To minimize hybridization 

bias, the probe was a young L1 from M. arvalis specific to the region of sequence analysis.  

Thus, the probe was separated from each of the remaining species (except Rattus) by a similar 

evolutionary distance.  One to six strongly hybridizing bands were identified in R. fulvescens, P. 

nudipes, N. sumichrasti, S. hispidus and R. norvegicus.  R. fulvescens and P. nudipes are closely 

related and shared all hybridizing subfamilies, while N. sumichrasti, S. hispidus and R. 
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norvegicus each contained unique restriction site-defined subfamilies.  The remaining 14 species 

evaluated were members of the L1-inactive group.  Hybridization profiles for these species were 

very similar, with low levels of hybridization as previously seen in Oryzomys and Holochilus 

(Casavant et al., 2000).  The single identifiable restriction site-defined subfamily present in this 

group is also seen in S. hispidus, albeit in much higher copy number, suggesting that this L1 

subfamily arose before the divergence of the Sigmodontinae, and that it has been more active in 

Sigmodon than in the other sigmodontine rodents since their divergence.  Slight differences in 

hybridization intensity among these 14 species may be due to minor differences in DNA loading.   

Species-specific clustering of L1s in the L1-inactive group was not observed.  Degenerate 

PCR and an assay to enrich for intact ORFs were used to clone a portion of L1 from each species 

of interest.  Multiple clones were sequenced from each species and these elements were aligned.  

The initial dataset included 315 sequences from the L1-inactive group.  Non-L1 sequences and 

identical sequences were removed, and all elements that appeared monophyletic with respect to 

Sigmodon were identified.  Likely recombinants and putative orthologous alleles were removed 

as described in Materials and Methods, yielding a final dataset in the L1-inactive group of 136 

sequences.  The number of sequences included for each species is shown in Table 1.  For each 

species from the L1-active group, four sequences with an intact ORF over the region examined 

were included.  Two Mus sequences from GenBank were also added (M. musculus (AF081109), 

M. domesticus (M13002) to produce a final dataset of 174 sequences.     

Aligned sequences were analyzed in a phylogenetic framework.  A neighbor-joining tree 

generated under maximum likelihood parameters is depicted in Figure 3.  Ten thousand fastboot 

bootstrap replicates were performed and values greater than 70 % are indicated on internal 

nodes.  Each genus outside of the L1-inactive group forms a monophyletic cluster with 99 % 
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support or greater.  L1 elements from the Sigmodontinae subfamily form a monophyletic group 

with 100 % bootstrap support.  L1 elements from species within the L1-inactive group form a 

giant polytomy and terminal branch lengths are noticeably longer than in other species, 

indicating a large number of private mutations since these elements inserted into the genome.  

Three pairs of sequences within this group had bootstrap support greater than 70 %.  Each of 

these pairs included two sequences from two different genera; internal branches are short relative 

to terminal branches in each case.  It is unlikely that these groupings indicated recent L1 activity 

within the clade.  L1s from species in the L1-active group have short terminal branch lengths 

connected by long internal nodes.  Although P. sungorus elements fit into this latter group and 

are united by a long internal node, they are somewhat anomalous in that they contain slightly 

longer terminal branches indicative of numerous private mutations.  Only three of the 32 L1 

sequences from P. sungorus have intact reading frames.     

Mutation profiles exhibit dramatic differences between the L1-inactive group and the 

remaining species.  Table 1 shows the mutation profile of L1 sequences from each species.  The 

uppermost 16 species are the L1-inactive group, followed by two species of Sigmodon and seven 

non-Sigmodontines from the L1-active group.  Major differences delineate the L1-inactive group 

sequences from all the other L1s.  The L1-inactive group has more inserted and deleted bases per 

sequence.  To count stop codons due to point mutations while ignoring frame shift mutations, 

insertions were removed and each sequence was returned to the correct reading frame.  As with 

the indel profiles, there is a dramatic difference between species in the L1-inactive group and the 

L1-active group.  The fourth mutational observation presented was derived from the work of 

Casavant et al. (2000).  In that analysis, 64 amino acid residues that were conserved in all 

mammalian L1s were identified within this region of L1 ORF 2 and then characterized.  Our 
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laboratory has since expanded the mammalian L1 dataset to include representatives from 17 

orders of placental mammals and two orders of marsupials (manuscript in preparation).  In this 

expanded dataset, 38 amino acid residues are conserved in the youngest L1s from all 19 orders.  

Changes in conserved sites were calculated as a percentage of amino acid substitutions among 

the 38 residues present in the sequence after accounting for deletions and stop codons affecting 

these sites. The dramatic difference observed previously for Oryzomys and Sigmodon is upheld – 

species in the L1-inactive group have many more substitutions at these conserved residues than 

L1s with intact ORFs from other related rodents. 

 The most recently active L1s are very similar in all species in the L1-inactive group.  

Consensus sequences were constructed for the most recently inserted elements from each species 

as described above.  These consensus sequences approximate the sequence of the active L1s at 

the time they were last active.  Consensus sequences were compared to each other and to the 

group consensus.  If transposition ceased in the common ancestor of these species, consensus 

sequences should be closely related to each other and to the group consensus.  On the other hand, 

persistence of L1 activity beyond this split should leave its signature on the consensus sequences.  

Specifically, consensus sequences should be more similar for taxa that cluster together 

phylogenetically.  Nine of the twelve species-specific consensus sequences are identical, and the 

others differ from the group consensus by only 0.5 to 2.1 %.  Two species (Ccal and Rnit) have 

somewhat more divergent consensus sequences (2.1% from the group consensus and 4.3% from 

each other).  However, these are the two species from which we obtained the fewest usable 

sequences (five each), so these may represent less reliable consensus sequences.  These data 

support a rapid silencing of L1s in the ancestor of these twelve genera with little or no 

subsequent activity in any lineage.   
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To determine the approximate time that L1s were last active in this group, we estimated 

the divergence of each element from its putative common ancestor.  The common ancestor was 

estimated by producing a consensus for the entire group, as described above.  The mean number 

of mutations from a common ancestor was 50.6 (+ 12.6 standard deviation), corrected for the 

probability of same site mutations and for length variation.  The mean percent divergence was 

8.80 % with species estimates ranging from 7.18 to 11.18 %.  If a neutral mutation rate of 1 % 

per million years for rodents is assumed (She et al., 1990) and references therein), then this 

extinction event occurred approximately 8.8 million years ago (MYA).     

 
Discussion 
 

LINE-1 transposable elements are ubiquitous throughout the class Mammalia, yet many 

aspects of their biology remain an enigma.  While it is easy to consider them as well adapted 

genomic parasites, L1 replication dynamics and phylogenetic persistence may be difficult to 

explain under a simple parasite model.  It has been alternatively hypothesized that they serve a 

necessary function for their host by providing reverse transcriptase activity for the cell, aiding in 

DNA break repair, or providing raw material for recombination (Hutchison III et al., 1989; 

Schwartz et al., 1998), and it has recently been proposed that they may be a component of the 

machinery for X chromosome inactivation (Lyon, 2000; Bailey et al., 2000).  One key to 

elucidating the biology of L1s is the identification of an organism that does not possess active 

elements.  Though all mammalian genomes examined contain L1s, it is necessary to differentiate 

between recently transposed sequences and ancient fossil sequences to determine if L1s are in a 

period of quiescence or even extinction.   

Recent technical advances allow us to rapidly isolate markers from young L1 sequences.  

One of the most efficient methods is the degenerate PCR and ORF enrichment technique 
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(Cantrell et al., 2000).  This procedure has successfully identified young L1s in both Peromyscus 

and Microtus, which were previously proposed to be in a period of L1 quiescence or extinction, 

and from such taxonomically diverse groups as marsupials, bats, equids and primates. 

Previously, we proposed an L1 extinction event in the rice rat, Oryzomys palustris, and an 

additional tribe member, Holochilus brasiliensis (Casavant et al., 2000).  Despite using the ORF 

enrichment technique, no evidence of recent L1 activity was found in the rice rat, O. palustris.  

Sequence data were supported by in situ hybridization and Southern blot analysis.  Thus, these 

related South American rodents were the first viable candidates for L1 extinction among all 

mammals yet examined.  We have extended that work here, delineating the range of 

sigmodontine rodents that appear to have been affected by that L1 extinction event, and suggest 

that it occurred in the common ancestor of the group prior to their massive radiation in South 

America. 

Several lines of evidence indicate a lack of recent L1 retrotransposition in species of the 

L1-inactive group.  First, Southern blot hybridization failed to reveal any strongly hybridizing L1 

subfamilies among members of the L1-inactive group, or any evidence for species-specific or 

genus-specific L1 subfamilies.  All species evaluated from outside the L1-inactive group contain 

strongly hybridizing subfamilies.  Secondly, there is a marked difference in the mutation patterns 

between sequences from the L1-inactive group and from the remaining species, including more 

insertions, deletions, stop codons and changes at conserved amino acid residues.  Furthermore, 

sampling properties of clones from our PCR reactions suggested that younger elements were not 

present in these species and, in fact, that amplifiable L1 template was limited.  This was 

evidenced by the low frequency of ‘blue’ clones in our blue-white screening assay (Cantrell et 

al., 2000), the relatively frequent isolation of clones with identical sequences, which is rare in 
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species with active L1s, and the isolation of putative orthologous alleles from different species.  

Finally, phylogenetic analysis resulted in a clustering of L1s from all species in the L1-inactive 

group into one giant polytomy with long terminal branches, consistent with the hypotheses that 

these elements transposed in some common ancestor of this group and have been sitting in the 

genome acquiring mutations for millions of years.  There was no evidence for species or genus-

specific clusters within this group, or of species or genus-specific changes in the active L1 

templates from which they arose. 

 Are L1s extinct or simply quiescent?  It is always difficult to offer convincing evidence 

for a recent extinction event, whether it is at the organismal or genomic level.  In this case, it 

may be hard to differentiate between complete loss of L1 activity with no chance of recovery and 

a long transpositional quiescence from which the L1s might eventually emerge.  Here we make 

the case that this event represents an extinction event rather than a simple quiescence.  Extinction 

would be indicated if a large, monophyletic group of species all lacked evidence of recent L1 

activity and if the cessation of transposition appeared to occur at about the same time in all these 

species.  Also, L1 activity would have to be absent for long enough to allow all of the active 

copies to acquire enough disabling mutations so that reemergence by back mutation or 

recombination was no longer possible.  Quiescence, on the other hand, would be indicated if L1 

activity had re-emerged in one or more species or if the most recent L1 activity dated to 

drastically different times within the species group, especially if some of those dates were recent.   

 Among the sigmodontines, evidence for recent L1 activity was found only in the two 

species of Sigmodon examined.  Sigmodon is the sole member of the tribe Sigmodontini, and 

molecular data place this genus as the earliest extant genus of sigmodontine rodents to arise 

(Engel et al., 1998 and references therein).  Thus L1 activity seems to have ceased at or after the 
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separation of Sigmodon from most of the remaining sigmodontine rodents.  No evidence of a 

later reemergence of active L1s was seen among any of the remaining 13 genera of sigmodontine 

rodents examined as might have been expected if this event was a simple quiescence.  

Furthermore, the consensus sequences of all 16 species are remarkably similar, and sequence 

analysis provides further evidence that L1s have remained inactive since before these 13 genera 

emerged from a common ancestor.     

 We assayed only 9 % of a full-length L1 and not a single element from the L1-inactive 

group was found with an intact reading frame of this short region.  Most had numerous 

insertions, deletions and stops, and all had at least one of these fatal mutations. Previous 

estimates of the half-life of an active L1 range from 40,000 to 200,000 years, assuming that as 

many as 50 % and as few as 10 % of mutations would be strongly deleterious (See Casavant et 

al., 2000 for a further discussion of these estimates.)  Taking the more conservative estimate of 

200,000 years, this would suggest that L1s have been extinct in these South American rodents 

for about 44 half-lives.  If there were 3000 potentially active L1s in the genome at the time of 

extinction, as has been estimated for extant Mus (DeBerardinis et al., 1998), fewer than one 

active element would survive after 13 half-lives (2.6 million years).  Thus we argue that this 

represents a true extinction event and not simply a transpositional quiescence.   

Data from Phodopus sungorus is anomalous and requires further discussion.  The L1 data 

from P. sungorus are unique among the L1-active group, suggesting what might be considered 

an intermediate level of L1 activity.  Terminal branches are longer than those seen in other 

species in the L1-active group but not as long as those seen in the L1-inactive group.  Although 

few sequences with open reading frames were identified, P. sungorus L1s do form a 

monophyletic cluster.  These data suggest that this species has had reduced L1 activity in the 
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recent past.  P. sungorus may be a species whose L1s are in a period of quiescence between 

transpositional bursts or have recently gone extinct.  The unique nature of the L1 complement of 

P. sungorus deserves further evaluation. 

How accurate is our estimate of the time of extinction?  We have estimated the time since 

L1 extinction by estimating the number of mutations acquired by the youngest detectable set of 

L1 elements from 16 species of sigmodontine rodents.  Assuming that neutral mutations 

accumulate at a rate of 1% per million years in rodents (She et al., 1990), we estimate the time of 

extinction at about 8.8 million years ago.  The standard error of this estimate is small, but we 

have refrained from putting error bounds on the estimate because we know that sampling error is 

only one source of uncertainty in our methods.  Furthermore, our variance is higher than 

expected.  The mean number of substitutions per sequence is 50.6, and variance is 163.9 (3.2-

fold higher than expected for a Poisson distribution).  What factors might account for error in our 

estimate?  1) Active templates tend to be very closely related, but not identical.  Thus even in a 

very active L1 lineage, not all recent insertions are identical.  Pre-existing variation between 

sequences at the time of the extinction event would increase the mean and perhaps affect the 

variance of our estimate.  2) Extinction probably was not instantaneous.  Low rates of 

transposition before the final cessation of activity would affect both the mean and the variance of 

our estimate.  3) PCR-based sampling is not random.  This sampling scheme may not retrieve the 

most divergent samples from the genome, and will certainly not retrieve elements with very large 

insertions or deletions.  4) The molecular clock, upon which our estimate is implicitly based, 

assumes that mutation rates are uniformly distributed.  We know this is not actually the case – 

mutation rate on the autosomes is higher than on the X and lower than on the Y chromosome.  

This within-genome variation could increase the variance of sampled elements.  It is also 
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possible that there are differences in mutation rates between species.  5) There is error associated 

with other parameters: our calculation of the ancestral sequence, the estimate of the rodent 

mutation rate, etc.   

Our data suggest that L1 extinction occurred after the divergence of Sigmodon but before 

the massive radiation of species in South America.  An independent estimate of these events 

based on mitochondrial sequence puts the origin of the South American sigmodontines at 11.9 + 

2.9 MYA, the divergence of Sigmodon at 10.0 + 2.4 MYA, the origin of the oryzomines at 6.8 + 

1.6 MYA, and the radiation of the other South American sigmodontines at 6.6 + 1.6 MYA 

(Engel et al., 1998).  Thus despite the inexactness of our estimate of 8.8 MYA, it is reassuringly 

consistent with these estimates of speciation patterns within the sigmodontines.   

How does L1 extinction relate to speciation and the biology of the L1-inactive group?  It 

is a commonly held view that transposition may contribute to speciation either as a source of 

genetic variation (Furano and Usdin, 1995) or by affecting chromosome pairing during meiosis 

(Hutchison III et al., 1989).  Indeed, in Rattus there appears to be a correlation between the 

expansion of novel L1 clades and a number of speciation / extinction events (Furano et al., 

1994).  It is interesting, then, that the single L1 extinction event documented here affects so 

many species.  Even though this extinction event occurred relatively recently, it was coincident 

with one of the greatest recent mammalian radiations and thus may have been passed on to over 

300 species of rodents.  Had some of those species been developed as the model genetic species 

for rodents, we would have had an entirely different view of mammalian genome dynamics than 

has come from our studies of Mus and Rattus.   

If L1 insertion is an important mechanism of chromosome repair, one might expect 

species in the L1-inactive group to be particularly susceptible to genetic or environmental agents 
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that increase the incidence of chromosomal breaks.  Indeed, karyotypic variation in the 

sigmodontines is exceptional.  There are several examples in the literature of extreme karyotypic 

variation within species in this subfamily.  High levels of karyotypic polymorphism within a 

single population have been reported for Oryzomys (Koop et al., 1983), Holochilus (Nachman 

and Myers, 1989; Nachman, 1992), Nectomys (Barros et al., 1992), Akodon (Fagundes et al., 

1998) and Rhipidomys (Silva and Yonenaga-Yassuda, 1999), lending at least correlative support 

to the hypothesis that L1s may play a role in DNA-break repair.      

These species, which show no evidence for recent L1 activity, appear to be ideal model 

organisms for studying the impact of L1 inactivity on mammalian genomes.  In particular, it will 

be interesting to examine X chromosome inactivation and chromosomal break repair in this 

group.  P. sungorus may also be useful as an example of a species in a period of L1 quiescence. 
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Table 1.  Mutational profile of sampled L1 elements.  Members of the L1-inactive group are 

listed above, followed by members of the L1-active group.  Abbreviations listed are used in other 

figures.  Specimen numbers are listed and further described in Methods.  The numbers of 

sequences from each species used in the final data set are indicated.  Two additional sequences 

from GenBank were also included, bringing the total to 174.  Means are shown for each species; 

group means are unweighted.  The number of base pairs inserted and the number deleted were 

determined for all sequences included in the final dataset. Insertions were removed and deletions 

were replaced by Ns to permit counts of stop codons and changes to alternate amino acids at 38 

highly conserved positions.  The percent change at conserved sites was corrected to reflect the 

number of sites removed by deletions and stops.  For sequences in the L1-inactive group, 

divergence from an active ancestor was calculated as divergence from the modified group 

consensus sequence and was corrected for multiple hits.  For sequences in the L1-active group, 

divergence from an active ancestor was calculated from private mutations on terminal branches 

of a phylogenetic tree.  
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Species abbv. Source
# of 
seqs

inserted 
bases

deleted 
bases Stops

% change at 
conserved 

sites

divergence 
from active 

ancestor
L1-inactive group
Calomys callosus Ccal NK37800 5 2.0 27.6 2.0 19.5 8.26
Calomys tener Cten NK21054 7 2.3 9.1 3.0 15.6 9.36
Phyllotis xanthopygus Pxan AK13012 7 5.3 6.1 2.3 18.5 8.57
Akodon boliviensis Abol NK11561 7 2.9 10.4 2.1 16.3 9.80
Oxymycterus paramensis Opar NK22836 11 4.1 3.1 1.9 11.8 7.18
Microryzomys minutus Mmin NK25822 8 3.3 15.3 3.1 16.7 10.35
Neacomys spinosus Nspi NK25265 10 4.1 14.5 2.1 14.1 8.89
Oligoryzomys fornesi Ofor NK22527 6 0.7 15.3 1.5 13.2 8.84
Nectomys squamipes Nsqu NK13407 15 3.6 14.0 2.2 12.3 7.54
Oryzomys nitidus Onit NK13451 13 3.5 15.1 1.9 17.3 9.44
Oryzomys albigularis Oalb LBJ1380 7 2.6 34.0 3.1 20.5 9.3
Oryzomys palustris Opal TK28621 11 2.9 15.6 2.5 16.1 8.79
Holochilus brasiliensis Hbra NK13055 6 11.7 13.7 2.8 20.1 9.8
Oecomys bicolor Obic NK12701 7 2.9 22.7 1.7 13.2 11.18
Thomasomys baeops Tbae NK27679 11 5.5 13.5 1.8 14.7 7.99
Rhipidomys nitela Rnit NK21695 5 5.0 13.4 2.0 14.8 8.52

Mean of L1-inactive group 136 3.9 14.6 2.2 15.82 8.80

L1-active group 1.9 16.6 1.7 18.9
Sigmodon hispidus Shis SREL 4 0 0 0 0 0.
Sigmodon mascotensis Smas JS2013 4 0 0 0 1.3 0.
Nyctomys sumichrasti Nsum AK006235 4 0 0 0 1.3 1.
Scotinomys teguina Steg LBJ1953 4 0 0 0.3 2.0 1.88
Reithrodontomys fulvescens Rful TK21614 4 0 0 0 0.0 0.
Peromyscus nudipes Pnud NK17807 4 0 0 0 1.3 0.
Peromyscus maniculatis Pman TK28643 4 0 0 0 0.7 0.
Microtus arvalis Marv TK44790 4 0 0 0 0.0 0.
Phodopus sungorus Psun Wesleyan 4 0 2.8 0.5 5.4 3.07

Mean of L1-active group 36 0 0.3 0.1 1.5 1.01

39
70
40

44
39
35
48
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Figure 1.  Phylogenetic relationships among genera.  This composite tree is based on the 

previously reported work of other investigators (Smith and Patton, 1999; Steppan, 1995; Engel et 

al., 1998; Dickerman and Yates, 1995), including analysis of our cytochrome b dataset (Sullivan 

et al., 1996).  The backbone of the tree for genera within the Sigmodontinae is shown in black; 

backbone for the outgroup genera is shown in grey.  Tribe assignments within the Sigmodontinae 

are shown on the right.  ♦ indicates loss of L1 activity. 
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Figure 2.  Southern hybridization of Rsa I digested genomic DNA probed with a Microtus LINE-

1 probe.  Bands represent restriction site-defined subfamilies.  The first four lanes are species 

with recently active L1s, and the next 14 lanes are species from the L1-inactive group.  

Abbreviations above the lanes correspond to those listed in Table 1.  Rattus norvegicus  (Rnor) 

DNA was used in the final lane to provide a more distant outgroup as a control for hybridization.   
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Figure 3.  Neighbor-joining tree of four closely related elements from species with open reading 

frames and all elements from the Sigmodintinae subfamily species that were monophyletic with 

respect to Sigmodon.  Individual names have been removed for ease of viewing; species 

abbreviations are as shown in Table 1.  Elements were returned to frame prior to analysis by 

removing insertions and replacing gaps with N (excluded from analysis).  All four elements from 

each L1-active group formed monophyletic groups except S. mascotensis and S. hispidus, which 

formed a monophyletic Sigmodon clade.  For those species with greater than one active clade, 

only the most active clade is represented.   
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